Residence location has long been used to indicate environmental exposure in many epidemiological studies. This indicator is easy to establish, requires little exposure or monitoring data, and is potentially applicable to many types of investigations. The validity, accuracy and utility of residence location as an exposure indicator, however, is challenged by current concerns regarding multiple exposure pathways, persistent and toxic contaminants, and cumulative exposures from non -point, mobile and point sources. This paper reviews 45 epidemiological studies that use residence location to identify study populations and estimate air pollution exposures. Thirteen ( 29% ) of the studies determined environmental exposures based on``proximity'' measures, usually the distance from a subject's residence to a pollutant source. Other studies used``zones'' presumed to have equal pollutant levels. Several studies combined zone and proximity approaches. Exposures were quantified using monitoring data in 27 ( 60% ) studies and dispersion modeling in two ( 4% ) studies. Sixteen ( 36% ) studies did not use any environmental data to quantify exposure. A total of 31 ( 69% ) of the studies reported significant associations between health endpoints and the pollutant exposures represented by residence location. In general, comprehensive and systematic approaches to identify and estimate population exposures were not used, and the exposure estimates were therefore deemed likely to have great uncertainty. Unless exposure levels among groups are verified, it cannot be determined whether nonsignificant associations between exposures and health endpoints indicate a lack of measurable health effects, or are merely a result of exposure misclassification. Site -specific and quantitative exposure assessments are needed to better quantify and confirm exposures within such studies, as well as to permit interpretations and comparisons across studies. Journal of Exposure Analysis and Environmental Epidemiology (2000) 10, 66 ± 85.
Introduction
Residence near pollution sources has long been associated with high individual exposures to environmental contaminants. The inference of environmental exposure through the proxy of residence location has been used in many epidemiological studies to explore associations between health effects and industrial pollution. The indicator has also been used in small -area studies that do not explicitly identify pollutants or sources ( Alexander et al., 1990; Beral, 1990; Ross and Davis, 1990; Elliot et al., 1992a,b ) . In addition, it has been used to identify populations exposed to chemical spills (Madison et al., 1991; Dayal et al., 1992 ) , to characterize exposures in risk assessments (Hallenbeck et al., 1993 ) , and to contrast exposures of different populations in environmental justice studies (Brown, 1995; Perlin et al., 1995 ) . Residence location has been widely used because it is convenient and inexpensive to derive and thought to be broadly applicable. The indicator can also be easily supplemented with other exposure assessment methods, e.g., air, water and soil monitoring (Baker et al., 1978; Neuberger et al., 1990; Spengler et al., 1996 ) , personal monitoring ( Wallace et al., 1986 ) , biological monitoring (Trepka et al., 1997 ) , and mathematical modeling (Thibodeaux and Lipsky, 1985; Sedman and Esparza, 1991 ) .
Several factors challenge the applicability of residence location as an environmental exposure indicator. First, recent studies show the influence of inhalation, ingestion and dermal exposure pathways, and significant variations between outdoor, indoor and microenvironmental conditions ( Lippmann and Lioy, 1985; Michael et al., 1990; Polissar et al., 1990; McKone, 1991; Wartenberg, 1992; Guthe et al., 1992; Stallones et al., 1992; Covello and Merkhofer, 1993; Briggs and Elliot, 1995; Kimborough et al., 1995 ) . Exposures from an``indirect'' pathway (e.g., air to soil to food ) can greatly exceed contributions from thè`d irect'' inhalation pathway (Sedman et al., 1994 ) . In such cases, the use of residence location that primarily represents inhalation exposures will account for only a small fraction of the total exposure. Second, exposure assessments now emphasize toxic and persistent pollutants, cumulative exposures from multiple sources ( including non-point and mobile source emissions ) , and urban and susceptible populations, representing a shift from previous focus oǹ`s mokestack'' sources of``conventional'' air pollutants. As a result, the source ± receptor relationships that relate emissions to exposures are increasingly variable and complex. Given the many pathways, sources, locations and activities that influence exposures, exposure estimates based on residence location may be highly uncertain. Because of the extensive use of residence location as exposure indicator, these issues warrant a critical examination.
This paper reviews the use of residence location as an exposure indicator of ambient air pollution in recent environmental epidemiological studies. The formulation and use of these indicators in a wide range of studies are critiqued. Recommendations on the use of this exposure indicator conclude the paper.
Background
Exposure assessments describe the nature and size of populations exposed to a substance and the magnitude and duration of the exposure. Assessments are comprised of steps to identify and characterize pollutants, emission sources, environmental transport and fate processes, exposure pathways, and exposed populations ( National Research Council, 1991) . After identifying pollutants of concern and their relevant physical and chemical properties, emission sources are identified and their location, type ( point or area ) , configuration (height, temperature, etc. ) , emission rate and related characteristics are described. Next investigated and sometimes modeled are transport and fate processes ( e.g., advection, dispersion, sorption, degradation and uptake ) that govern the pollutant distribution in air, soil, dust, water and food. These steps help identify the media in which pollutants may be present. If human exposures appear plausible, then pollutant levels in the dominant exposure pathways may be monitored or estimated. Often, some or many of these steps can not be completed for study subjects, and a proxy, such as residence location, is used.
Several types of residence location indicators are used.`P roximity'' indicators use the distance between a residence and a specific pollution source with the assumption that exposure increases as the distance decreases. Typically, concentric rings of various radii (e.g., 1, 2 and 3 km, etc. ) are drawn around the source to identify populations in different exposure groups. This approach may have its origin in safety analysis where it is used to define hazard zones (National Response Team, 1987) . While simple, quantifiable and flexible, proximity neither represents the complex and asymmetric pollutant patterns that can result from meteorological and terrain characteristics, nor does it account for the cumulative exposure from multiple pollutant sources. A second type of exposure indicator classifies residence location using``zones'' that have explicit boundaries, e.g., city or county limits, census tracts or simple grids. Individuals within each zone are assumed to have the same exposure. The exposure estimates may be based on monitoring data, emission source inventories, or transport and fate model predictions. Several to hundreds of zones can be defined. Depending on the application and available data, zones may range in size from local to regional scales.
Proximity and zone approaches may be combined. For example, the population in a polluted area may be identified by proximity to sources, and subsequently divided into subgroups using zones. Alternatively, high pollution areas may be identified by the presence of pollution sources, and subgroups within these areas demarcated by distance to the source. Residence location may also be used to identify comparison or control groups that have low or``background'' levels of exposure, e.g., residents living in low pollution zones, outside the identified polluted areas, or far from pollution sources. Any of these exposure indicators may be supplemented by residence history, activity patterns, monitoring and modeling.
The use of residence location as an exposure indicator rests on three assumptions. First, the spatial distribution of pollutant concentrations, and hence exposures, can be represented by the geographic areas selected. Second, individuals within the same area or distance from the source have comparable exposures. Finally, exposures differ between areas in the manner expected.
Methods
Air pollution epidemiology studies that used residence location as exposure indicators were identified by Medline searches and citations of relevant studies. Studies were limited to more recent studies examining long -term exposures. For each study, the study design (crosssectional, case ±control and cohort ), pollutants, emission sources, criteria for exposed and control groups, health endpoints, exposure assessment methods, and major findings were summarized. Data related to exposure assessment methods were summarized, including monitoring data, media sampled (air, soil, dust, etc. ) , number of monitoring sites, number of samples, ranges or values of exposure estimates, and any other data, models or methods used to determine exposures.
The quantitative data reported in the exposure assessments were summarized, including geographic scales used to identify exposed population, population sizes, numbers of environmental measurements, exposure and control groups. A control group was considered to be``external'' if residence locations were distant from the exposed groups. Pollutants were categorized as metals, pesticides and others, including gases, particulate matter and unspecified, e.g.,`f umes.'' Using source and pollutant characteristics, the studies were classified into four groups. The first includes studies of a single pollutant from a local source, e.g., lead from a single smelter. The second group is for a single pollutant from area sources or industrial complexes. This group differs from the previous in that the pollutant of concern is often emitted from multiple local sources or industrial complexes, and the source locations were often not specified beyond their towns, cities or counties. The third group is for unspecified or multiple pollutants from local sources, e.g., petroleum industry, and pesticide applications. The fourth group is for community air pollutants, e.g., ozone, nitrogen oxides, sulfur oxides and particulate matter. Descriptive statistics were calculated for the several types of pollutants and for the four pollutantsource groups.
Results

Study Characterization
Forty -five epidemiological studies published after 1981 fit the selection criteria (Table 1a ±d ). These studies examined many pollutants and health outcomes. Over half (26 ) were cross -sectional studies, 12 were case ±control studies, and seven were cohort studies. The following summarizes the studies by pollutant and source type.
Single Pollutant, Single Source Ten studies examined a single pollutant from a local``point'' source, e.g., metal smelters, chemical plants, and battery recycling plants ( Table 1a) . Eight of these evaluated exposures to metals ( arsenic, lead ) , and two examined gases (benzopyrene, fluorides ). Seven studies used cross -sectional study designs, two were case ± control studies, and one was an ongoing cohort study. Most studies examined body burdens measured in blood or urine, but cancer and respiratory function were also examined. Six studies (60% ) associated residence location with health effects ( cancer and lung function changes ) or body burdens (elevated metals levels in blood, urine and hair ) . In one study, the observed body burden of lead was significantly linked to pollutant levels within home, but it was unrelated to the distance between home and pollutant source ( Kimborough et al., 1995 ) .
Seven studies used residence proximity and defined exposed populations as persons living within 1.2 km ( Matanoski et al., 1981 ) to 20 km (Greaves et al., 1981 ) of the source. The three other studies in this group identified exposed populations using zones ranging in size from the local community (Wohl et al., 1996; Hwang et al., 1997 ) to the entire county . Within exposed populations, subgroups were formed by residence proximity to the local source or census tracts. Eight studies used environmental monitoring, sampling air, soil, dust, drinking water, paint, food, or vegetation. One study reviewed the operating history of the source to account for the installation of emission controls that decreased exposures .
Single Pollutant from Area Sources Seven studies investigated a specific pollutant from local industrial activities (Table 1b) . One study also included emissions from traffic (Revich, 1994 ) . All of these emission sources were dispersed and thus``polluted'' areas were larger than those in the single -source studies. All but one study (Rosenman et al., 1989 ) used cross -sectional designs. Five studies investigated metals ( cadmium, lead ), and two examined gases ( methylene chloride, vinyl chloride ). Outcomes included body burdens ( five studies ), low birth weight, and birth defects. Five (71% ) studies found statistically meaningful associations between exposures and health outcomes.
All of these studies used city or county zones to initially identify``exposed'' populations. Pollutant levels in zones were estimated by the level of industrialization, estimated emission rates, air dispersion modeling, and samples from air, soil, dust, water, and food. Four studies further classified exposure groups by census tracts (Bell et al., 1991 ) and proximity to sources ( Rosenman et al., 1989; Revich, 1994; Luoma et al., 1995 ) .
Multiple Pollutants from Local Sources Most of the 16 studies in this group (Table 1c) analyzed emissions from local industry, two studied``polluting'' industrial sources, and three investigated agricultural pesticide application. Often, specific pollutants were not identified. Eight studies used case ± control study designs, five were cross -sectional, and three were cohort studies. Three studies were initiated in response to local concerns (Dales et al., 1989; Schechter et al., 1989; Kilburn and Warshaw, 1995) , and another to suspected increases in adverse health effects (Morris and Knorr, 1996) . Nonspecific health endpoints ( e.g., all cancers ) were found mostly in studies with indeterminate pollutants. Nine studies (56% ) associated observed health effects with exposures based on residence location, of which two showed a graded exposure ±response relationship (Lewis -Michl et al., 1996; Morris and Knorr, 1996 ) . In addition, four (25% ) studies found association between measured pollutant level and observed health outcomes that could not be explained directly by residence proximity to the pollution source (Andre Ân et al., 1988; Linos et al., 1991; Pekkanen et al., 1995; Morris and Knorr, 1996 ) . All but one of these studies ( Kilburn and Warshaw, 1995 ) initially identified exposed populations using zones. Exposure estimates were based on level of industrialization Huang and Batterman Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies ( Heary et al., 1980 ) , the number of local sources ( LewisMichl et al., 1996 ) , or the estimated pollutant emission rates . In the pesticide studies, exposures were based on regional pesticide usage rate (Garcõ Âa -Rodrõ Âguez et al., 1996) , farm acreage ( Aschengrau et al., 1996 ) and residence distance to farms ( Willis et al., 1993 ) . Within``polluted'' areas, exposure subgroups were formed using proximity measures in six studies. Air pollution levels were quantified using monitoring data in three studies ( Brown et al., 1984; Andre Ân et al., 1988; Archer, 1990) and by dispersion modeling in a fourth (Dales et al., 1989 ) .
Community Air Pollutants All of the 12 community air pollution studies (Table 1d ) identified exposure groups using zones. Nine examined criteria air pollutants ( SO 2 , NO 2 , particulate matter and ozone ) , and three examined acid aerosols. Most of the studies focused on respiratory effects, but one study examined mortality ( Pope et al., 1995 ) . Eight studies used cross -sectional designs, one was case ±control, and three were ongoing cohort studies. Most ( 92% ) associated exposures with one or more adverse health effects. No significant association was found in one study between elevated SO 2 concentrations and respiratory effects among children ( Schenker et al., 1986 ) , although a significant linkage was reported for adults in the same area ( Schenker et al., 1983) . The community air pollution studies used more monitoring data than the other studies. Air quality data, largely taken from urban, regional, and state monitoring networks, were used to define exposure groups at the town, city or county scale. One study identified exposure groups by the city where individuals were hospitalized (Burnett et al., 1997 ) . Because community air pollutants tend to be widely distributed, exposure subgroups within a region were difficult to distinguish. As a result, four studies distinguished exposure groups by areas with different measured pollutant levels (Ware et al., 1986; Dockery et al., 1989; Pope, 1991; Horstman et al., 1997 ) . In four other studies, exposure groups were aggregated from populations of different areas with comparable pollutant levels (Schenker et al., 1983 (Schenker et al., ,1986 Dockery et al., 1996; Raizenne et al., 1996 ) . Table 2 summarizes the study populations, the numbers and types of exposed and control groups, and the scale of study areas. Grouping the studies by pollutant and source shows several trends. The single pollutant ± single source studies generally examined small areas ( villages or communities ) , the multiple -source and the community air pollutant studies used areas of an intermediate size (towns or cities ), and unspecified or multiple pollutant studies used the largest areas (cities or counties ). Study populations increased with the geographic scale, e.g., study populations averaged 361 among the single pollutant ±single source studies (n =7 ), and 112,813 (n =13 ) in the multiple pollutant studies. Community air pollutant studies had the largest populations, mostly because data were combined from multiple (6 ±151 ) cities. Populations were small in most of the studies examining metals ( 119 ± 665 individuals, n =13 ), although two used considerably larger populations ( 1355 and 1523 individuals ) ( Sartor et al., 1992; Revich, 1994) .
Exposure Assessment Methods
Study Scale
Most ( 43 of 45) studies identified a priori control populations that were assumed to have low (background ) exposures. The size of control populations varied substantially (Table 2 ) , ranging from 10% to 91% of the entire study population. External controls ( individuals living far from the polluted area ) were used in six (60% ) of the single pollutant ±single local source studies, five ( 71% ) of the single pollutant ± local industry studies, eight (67% ) of the community air pollution studies, and five (31% ) of the multiple -pollutant studies. Two of the community air pollutant studies defined reference exposure groups by identifying locations with the average ( Burnett et al., 1997 ) and the lowest (Pope, 1991 ) measured pollutant levels among all studied locations. Table 2 also shows the number and types of environmental measurements used in the 45 studies. The community air pollution studies typically used one monitoring site per zone, with ambient data collected over several years. Other studies used several sampling sites per zone but shorter air sampling periods, typically only a few days. Measurements from media besides air were reported only in the studies examining metals, in which case samples were often taken from multiple location for each exposure group. Table 3 compares the number and type of environmental samples by study design. Measurements were used in 21 (81% ) of the 26 cross -sectional studies, two ( 17% ) of the case ±control studies, and four (57% ) of the cohort studies. Altogether, air samples were used in 20 studies ( 15 crosssectional, two case ± control and three cohort studies) , soil samples in 11 studies, and dust in six studies (four indoors and two outdoors ) . Among the 21 studies using air monitoring data, 12 to 513 samples were collected from two to 24 monitoring locations. Seven studies reported sampling food, vegetation and /or water. More samples were collected and at more locations for dust ( averages of 127 sites and 400 samples per study ), soil ( 338 samples ) and other media ( 370 samples ) than from air (10 sites and 217 samples ). Dust and soil samples were taken mostly in the cross -sectional studies. Table 4 summarizes the intensity of sampling by pollutant type. The 15 metals studies used many measurements from multiple media, e.g., soil, dust, water, food and Residence distance within 20 km from source ± Actual distance to source and by 2 km categories No significant relationship between lung cancer risk and residence proximity to smelter.
Environmental Measurements
Greaves et al., 1981
Arsenic from a chemical plant
Cancer mortality Cross-sectional, 1958 Cross-sectional, ± 1962 Cross-sectional, , 1968 Cross-sectional, ± 1974 Cancer deaths in census tracts within 3/4 mile from plant, 1958 ± 1962 and 1968 ± 1974 ± Census tract of residence ± Soil samples from 35 sites in study area at 1-, 2-and 4-in. depths
Elevated risks of lung among male residents in census tracts close to the plant. High lung cancer mortality correlated with elevated soil arsenic levels.
Matanoski et al., 1981
Arsenic from a copper smelter
Arsenic level in urine and hair
Cross-sectional Residence in census tracts within 2 miles from the smelter ± Residence distance to smelter ± Arsenic in outdoor, indoor and personal air samples, household dust, soil, homegrown vegetables and fruit, and drinking water Elevated urinary arsenic levels among children living within 0.5 mile from source. Body burden correlated with air particulates, soil and household dust level. Higher exposure levels among males than females.
Polissar et al., 1990
Arsenic from a closed copper smelter Urine arsenic level
Cross-sectional Residence in study area, age 6 years or younger, potty-trained ± Distance and direction from smelter ± Samples from 2 cm top soil, interior dust, city and private well water, and air monitoring data during active emissions Soil arsenic levels correlated with proximity and direction from smelter; estimated body burden significantly correlated with yard soil arsenic concentration.
Hwang et al., 1997
Lead from a lead smelter
Blood lead level
Cohort Five-year-old children cohort who lived within 30 km from smelter ± Residence in 200-m grid areas ± Topsoil, window sill and ceiling dusts from home of children with high blood lead level Elevated blood lead level among children in polluted areas. Child's age and place of residence two most significant predictor of blood lead level.
Baghurst et al., 1992
Lead from a closed lead smelter
Blood lead level
Cross-sectional Residence at up to 3.2 km from smelter ± Residence at < 1, 1 ± 2, and 2 ± 3.2 km from source ± Air monitoring during active emissions; soil sample on site; interior dust, paint, drinking water samples Weak, insignificant association between child blood lead level and proximity to the former smelter. Significant association between blood lead level and lead content within home. Kimborough et al., 1995 Lead from a battery recycling plant
Cross-sectional Children attending kindergarten adjacent to the plant ± Child's kindergarten ± Three 6-to 10-day air samples for particulate and lead, soil samples from area near the facility Elevated blood lead level in children attending kindergarten next to plant. Soil lead level correlated with proximity to smelter. Higher blood lead level in exposed boys than girls.
Wang et al., 1992
Lead from a battery recycling plant Elevated risk of central nervous system defects for residence within 5 km from the larger plant and 2 km from the other. Odds ratio of birth defects decreased with distance from source but was statistically insignificant.
Rosenman et al., 1989
Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies
Huang and Batterman
Journal of Exposure Analysis and Environmental Epidemiology (2000) 10 (1) c. Summary of studies examining multiple pollutants and a local source Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies
Journal of Exposure Analysis and Environmental Epidemiology (2000) 10(1) Geographic scale of``polluted'' areas; 1:``village'',``community'' or less than 2 km radius; 2:``town'' or 2-to 5-km radius; 3:``city'' or 5-to 10-km radius; 3:``city'' or 5-to 10-km radius;``county'' or 10-km or larger radius.
d
Geographic scale for subgroups: 1: census tracts, communities or grids 2 km or smaller, 2: 2-to 5-km grids; 3: 5-to 10-km grids; 4: 10-km and larger grids; 5: any proximity measures. Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies Huang and Batterman vegetation. Metals were generally studied individually, i.e., 13 of the 15 metal studies investigated only one metal. Air monitoring data were used in about half of the studies: Seven (47% ) of the 15 metal studies and 14 (52% ) of the 27 nonmetal studies reported use of air monitoring data. No monitoring or modeling was used in the pesticide studies.
In general, concentrations in the air, soil and other media were reported as averages or medians. Few studies presented the range or variability of concentrations, justified the number of samples, or used statistical measures to account for uncertainties in exposure estimates.
Air Quality Modeling and Other Exposure Assessment
Methods Two studies used air quality models to predict ground level air concentrations (Dales et al., 1989; Bell et al., 1991 ) . Neither study reported any validation of the models, e.g., using existing or collecting new monitoring data to confirm model results, nor any uncertainty analyses.
Three other studies derived exposure``scores'' based on local meteorological data, source -emission estimates, ambient monitoring data, and questionnaire responses on residence history and activity patterns ( Brown et al., 1984; Morris and Knorr, 1996; Ku Ènzli et al., 1997 ) . These exposure scores were not validated by personal or biological monitoring data.
Sixteen ( 36% ) of the reviewed studies did not use environmental measurements or models to quantify exposure levels. Ten of these studies used proximity measures and six used zones. Most studies used populations (83 to 2295 individuals ), although one study included over a million people ( Heary et al., 1980 ) . Ten studies examined cancer as a health endpoint. Others examined body burden measured by biomarkers (Willis et al., 1993; Luoma et al., 1995 ) , low birth weight (Willis et al., 1993 ) , neurotoxicity (Kilburn and Warshaw, 1995 ) , and various developmental problems ( Rosenman et al., 1989 ; Garcõ Âa -Rodrõ Âguez et al., Table 3 . Number of environmental measurement sites and samples used to characterize environmental exposure levels by study design and media. Numbers in parenthesis ( n ) denote number of studies analyzed.
Media measured
Cross -sectional ( 26 studies ) Case ± control ( 12 studies ) Cohort ( 7 studies ) 
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Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies 1996 ). Statistically significant associations between exposure and effect was shown in 50% of these studies (38% if the pesticide studies are excluded) , compared to 83% in the other 29 studies that quantified exposures. As mentioned earlier, none of the three pesticide studies used environmental measurements. Body burden, as an outcome indicator, was evaluated by measuring biomarkers ( serum cholinesterase level ) in one study (Willis et al., 1993 ) . All three studies associated pesticide exposure with some health effects.
Discussion
The reviewed studies show the wide use of residence location as an exposure indicator in air pollution epidemiology. Similarly diverse applications have been seen in studies of water pollution ( e.g., Baker et al., 1978; Lebowitz et al., 1992; Rao et al., 1995 ) and hazardous waste (e.g., Lagakos et al., 1986; Lampi et al., 1992; Gamble and Lewis, 1996; Molholland et al., 1998 ) . Exposure indicators using residence location are easy and inexpensive to construct, and increased use is anticipated given advances in geographic information systems (GIS ) and databases that simplify identification of potentially polluted areas (Clark et al., 1982; Budnick et al., 1984; Geschwind et al., 1992; Dayal et al., 1995 ) . Some of the exposure indicators require little or even no environmental data, a major contrast to indicators using biological, personal or environmental monitoring.
The 45 studies used two general types of exposure indicators. Proximity indicators may be appropriate for impacts that decrease ( generally rapidly ) in intensity with distance from the source. These indicators seem especially applicable to nuisance problems, e.g., noise, odor, visual impact and dust. Zone indicators allow areas of different sizes, arbitrary boundaries, and generally more flexibility. Combined use of both types of indicators was often seen. Additional information used to characterize and quantify exposures defined by residence location included ambient measurements ( air, soil, dust, water and food ), emission inventory data, and dispersion modeling. To describe exposure variations among individuals, some studies used activity patterns, residence location, behavioral factors, occupational exposures, etc. Nearly all aspects of these indicators (e.g., the type and amount of underlying data, region sizes, boundaries, etc. ) varied across the studies. Beyond general classifications as proximity or zone measures, there was little standardization of the exposure indicators.
Validity of Residence Location as an Exposure Indicator
The concentration and composition of air pollutants can show considerable temporal and spatial variation, and large differences can occur between outdoor, indoor and personal measurements. It can be difficult to derive accurate and representative exposure indicators that can be used to assess health effects. These factors also make it difficult to evaluate the indicators. A direct or statistical assessment of the use of residence location as an exposure indicator in the 45 studies could not be performed for several reasons. First, for the 16 studies that used no environmental assessment, it is essentially impossible to reconstruct and confirm past exposures. Second, even for studies that used environmental monitoring or modeling, the amount of information was often limited and insufficient for statistical evaluations. Third, air pollutants are the only one of potentially many cofactors and exposure pathways associated with the studied health endpoints, thus the strength (or weakness ) of the association between health outcomes and exposure indicators would not provide a robust evaluation.
Most of the reviewed studies (31 or 69% ) reported statistically significant associations between health effects and exposures characterized by residence location. Four studies ( 9% ) found association between exposure and health effects by other factors, e.g., interior housing conditions ( Kimborough et al., 1995 ) , residence history (Morris and Knorr, 1996 ) , age of study subject (Andre Ân et al., 1988 ; Pekkanen et al., 1995 ) , parental smoking (Andre Ân et al., 1988 ) , and potential occupational exposure (Pekkanen et al., 1995 ) . One study found elevated health risks with residence location near industrial pollution sources, but the causal relations were inconsistent between estimated risk and residence proximity to sources ( Linos et al., 1991 ) . Nine studies (20% ) reported no significant associations between exposures and health effects. There are many possible reasons for insignificance (Roht et al., 1985; Schulman et al., 1993; Acquavella et al., 1994; Nurminen, 1995 ) . As examples, the studies suggested the possibility of sampling and measurement bias ( Willis et al., 1993; Garcõ Âa -Rodrõ Âguez et al., 1996; Morris and Knorr, 1996 ) , confounding ( Heary et al., 1980; Archer, 1990; Baghurst et al., 1992; Kilburn and Warshaw, 1995; Pope et al., 1995 ) , insufficient sample size and statistical power (Greaves et al., 1981; Matanoski et al., 1981; Brown et al., 1984; Rosenman et al., 1989; Aschengrau et al., 1996 ) , lack of baseline data ( Willis et al., 1993 ) , and residence mobility Pekkanen et al., 1995 ) . In addition, invalid or inaccurate exposure estimates are likely to weaken associations between exposures and effects, whereas inadvertent association between erroneous exposure estimates and other cofactors might yield false associations. Again, for these reasons, the validity of an exposure indicator may not be inferred from successfully associating effects and exposures.
While a direct examination of validity is not practical, it is possible to determine whether the exposure indicators reflect current knowledge of pollutant distributions and Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies , 1988; Polissar et al., 1990; Kimborough et al., 1995; Hwang et al., 1997 ) . Thus, if a cumulative exposure assessment is not performed, contributions from potentially important sources may be omitted. This is a significant issue in the 18 studies that used no monitoring data ( including two that used modeling ) and a likely issue in studies where monitoring data were limited. Exposure to a pollutant may result from several exposure pathways. Especially for persistent and bioaccumulative pollutants, indirect exposure pathways (ingestion, dermal permeation ) can account for a significant fraction of total uptake (e.g., Polissar et al., 1990; Sedman et al., 1994; Kimborough et al., 1995; Wohl et al., 1996 ) . If the primary exposure pathway is not inhalation, then indicators designed to represent air pollution levels are unlikely to adequately represent total exposures. Among the reviewed studies, only 14 studies reported environmental measurements from media other than air, all of which examined metal pollutants. While multimedia measurements are important in assessing potential total exposure levels, atmospheric measurements of a pollutant may suffice if its dominant or only exposure pathway is through inhalation.
Proximity as an Exposure Indicator The processes that determine the spatial distribution of pollutants can be extremely complex. Determining factors include, for example, the physical and chemical properties of the pollutant (gas or particle, solubility, sorptivity, degradability, etc. ), source characteristics (source height, emission temperature and velocity, emission rate ), and site -specific environmental conditions ( meteorology, geology, hydrology, land use, terrain elevation ) (Hemond and Fechner, 1994; Thibodeaux, 1996 ) . Spatial distributions and exposures can vary significantly for the same source in different locations, and for different pollutants emitted from the same source. In general, the concentric patterns implied by proximity indicators are not justified. In several studies, the highest health risks linked to a single source often were found at some distance ( i.e., not immediately next to the source ) , and the prevailing winds often strongly influenced the direction of impacts ( Linos et al., 1991; Pekkanen et al., 1995 ) . Impacts from ground level sources tend to increase with proximity, but again, directional effects from winds, daily and seasonal weather changes, emission schedules, and other factors are important. Dispersion modeling or other analyses using site -and pollutant -specific information is one way to understand these effects. This approach was rarely taken, however. The two studies that used modeling seemed to do so in lieu of monitoring.
Spatial Scales Air pollution spans local to global scales, and the variability of concentrations generally increases with larger areas. In some cases, concentrations across even small areas are not uniform. If the areas used in an epidemiological study are too large, concentration ranges in different zones can overlap, causing misclassification of exposure. While this suggests the need for smaller zones, available measurements or models may not provide the spatial resolution and accuracy needed. The reviewed studies used geographic scales from 0.5 to over 100 km with exposure groups that ranged from relatively few residents living very close to a source or in small gridded areas ( e.g., Matanoski et al., 1981; Baghurst et al., 1992; Kilburn and Warshaw, 1995; Lewis -Michl et al., 1996) to city or county regions (e.g., Dales et al., 1989; Luoma et al., 1995; Garcõ Âa-Rodrõ Âguez et al., 1996 ) . These areas were selected to accommodate the available environmental data, sample size, or study population requirements. Homogeneous exposures were assumed among residents in an area, but this assumption was rarely discussed or justified. Substantial uncertainties and errors may result if the exposures varied significantly within an area, or if distinctions between exposure groups were too small or insignificant.
Regulatory -driven monitoring for many emission sources often uses``impacted'' sites at``worst -case'' locations (``hotspots'') . Such locations may not provide representative population -weighted exposures. On the other hand, concentrations may be quite uniform across large areas for some pollutants, e.g., particulate matter under 2.5 m diameter ( PM 2.5 ) and ozone. These``regional'' pollutants have widespread, dispersed and sometimes distant sources, and the physical and chemical transformations that form these pollutants require substantial time during which significant mixing is likely. In such cases, exposure indicators may use large zones based on relatively
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Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies few``population-based'' monitoring sites, and epidemiological studies must compare populations across regions with different pollutant levels. This approach was taken in all 12 of the community air pollutant studies. However, thè`l ocal'' versus``regional'' classification oversimplifies the continuum of exposure situations. The extent to which`p oint'' or localized measurements represent environmental exposures can only be determined by a site -specific assessment. A spatial analysis using monitoring or modeling should provide insight regarding short -and long -term pollutant distribution. A recent innovation is to use numerous low cost diffusive type samples to provide high -resolution maps of pollutant concentrations (De Saeger et al., 1995; Ballesta et al., 1997 ) . To date, these approaches have been used; only for short -term sampling of a few pollutants e.g., NO x and VOCs, but other applications appear feasible.
Representativeness and Quantification of Exposures Typical monitoring networks have significant limitations regarding spatial coverage and representativeness, including networks designed according to US EPA ( 1986 ) and the World Meteorological Organization (1996 ) guidance. Users of data collected in such networks should be aware that monitors are sited for specific purposes, e.g., to measure pollutant inflows and outflows, to determine the attainment of air quality standards and to measure``hotspots''. These measurements may not represent community exposures. Additional monitoring may be needed to determine the spatial variation of pollutant levels within the area. Of the 21 studies using air quality monitoring, 13 used a single site to estimate exposures within an area, and only two examined the variability of air pollutant level within an area ( Ware et al., 1986; Horstman et al., 1997 ) . The importance of spatial variability was recognized in some of the metal studies where many soil and dust samples, mostly taken in or near studied residences, were used to derive long -term exposure estimates ( Matanoski et al., 1981; Polissar et al., 1990; Baghurst et al., 1992; Wang et al., 1992; Kimborough et al., 1995; Wohl et al., 1996; Hwang et al., 1997 ) . Such measurements increase the accuracy and confidence of the exposure estimates.
Few studies discussed temporal variation ( e.g., daily, seasonal and annual changes ) in pollutant levels. Two studies noted changes in the emission source Archer, 1990 ) . Short -term measurements were sometimes used to estimate long -term exposures, especially in the metal studies where grab samples of dust, soil or water were collected to represent long -term pollutant accumulation. In contrast, studies of community air pollutants took advantage of the many years of data collected in permanent monitoring networks. The issue of temporal representativeness needs further evaluation, especially for studies addressing long -term effects.
Most of the studies quantified population exposures in a group using point estimates, e.g., the mean or median concentration. These estimates were sometimes based on few ( or one ) sampling locations and short monitoring periods. Only five studies ( 11% ) reported exposure variability (Schenker et al., 1983; Ewers et al., 1985; Schenker et al., 1986; Hahn et al., 1987; Hwang et al., 1997 ) . Again, information regarding spatial and temporal variability is needed to determine whether exposures across areas and populations differed significantly.
In the 16 studies that did not use measurement or modeling data, ten estimated exposures using proximity to source, and six used zones. Quantitative estimates of exposure are not available for these studies. In addition, 19 (42% ) studies examined multiple pollutants, and four (9% ) studies loosely defined categories of industrial sources ( Heary et al., 1980; Linos et al., 1991; Shore et al., 1993; Lewis-Michl et al., 1996 ) . Overall, exposure levels were not quantified in 20 (44% ) studies. While such studies may be useful to explore some hypotheses, exposure± response relationships can not be characterized unless the pollutants are identified and the exposures are quantified. Further, site -specific differences significantly limit the generalizability and comparability among these studies.
Uncertainties An important issue related to quantification is the variation of personal exposures within a zone or proximity ring. Personal exposures may vary significantly due to behavioral factors (e.g., Wang et al., 1992 ) , housing characteristics (e.g., Kimborough et al., 1995 ) , smoking (e.g., Ewers et al., 1985 ) , and consumption of home -grown produce (e.g., Sartor et al., 1992 ) . The variation caused by these and other factors and the associated uncertainty can not be determined from the reviewed studies. Further, potentially confounding factors (e.g., race, socioeconomic status and income ) have been linked with residence location near pollution sources ( Brown, 1995; Perlin et al., 1995 ) . These factors were generally not explored in the reviewed studies.
Evaluation of Residence Location as an Exposure Indicator
The accuracy and validity of ambient, personal and biological monitoring techniques have been extensively discussed (Michael et al., 1990; Heinzow and McLean, 1994; Loomis and Savitz, 1994; Suh et al., 1995; Emond et al., 1997; Krzyzanowski, 1997 ) . In contrast, issues related to use of residence location as exposure indicators have received little attention. Saunders et al. (1997 ) recently reviewed 14 epidemiological studies of hazardous waste sites. Most of these studies characterized exposures using proximity indicators, and formed exposure estimates that were generally poor and could weaken potentially significant causal relationships. This review reaches similar Residence location as a measure of environmental exposure: a review of air pollution epidemiology studies Huang and Batterman conclusions in a larger set of studies that use residence location to characterize population exposures to air pollutants. The three assumptions implied by the use of exposure indicators using residence location generally were not tested or explicitly discussed. Few of the studies justified the geographic areas selected to reflect the spatial distribution of pollutant concentrations and exposures. Fewer still addressed the assumption of comparable exposure within a proximity ring or zone, and essentially no study tested and confirmed this assumption. A large fraction ( 36% ) of the studies used no environmental measurements or estimates. These (and some of the other studies ) could not confirm, in any way, that exposures between areas differed in the manner expected, despite knowledge that the spatial distribution of pollutants is complex. This is a critical concern for control groups that are essential in identifying causal relations between exposure and health effects ( Griffith and Aldrich, 1993 ). These gaps represent major deficiencies in the exposure assessment component of the reviewed studies.
Study Limitations
Several factors limited this analysis. First, most of the reviewed studies reported few environmental data. Thus, quantitative evaluations of within-group and betweengroup differences, statistical significance, etc., could not be performed. Similarly, the presence of confounding or spurious exposure ±effect relationships could not be investigated. The statistical significance of study findings was accepted as reported. Finally, only a subset of published air pollution epidemiology studies was evaluated. Nonetheless, the reviewed studies represent typical uses of residence location as exposure indicators.
Recommendations
Exposure indicators based on residence location are intuitive, easy to establish, and perhaps especially useful in exploratory studies where exposure measurements are unavailable. However, exposure estimates based solely on these indicators are not robust and require confirmation. The following recommendations are made to improve these exposure indicators: (1 ) A comprehensive exposure assessment, e.g., modeling or monitoring of pollutant distributions in various media, identification of principal exposure pathways, exposure quantification, and uncertainty analysis, is needed to ensure that exposure estimates represented by residence locations are valid. (2 ) Environmental monitoring is needed to describe the extent and distribution of pollutants from both known and unknown sources, and to confirm levels in control groups. (3 ) Modeling of emissions, transport, fate and uptake can help to identify polluted areas and exposed populations, and can refine exposure indicators, improve quantification, reduce misclassification, and determine appropriate exposure zones. (4 ) In general, proximity indicators are unlikely to reflect spatial distribution of air pollution impacts from many sources, except in a very crude manner, and their use is discouraged. (5 ) Studies that use residence location as the only exposure estimator require follow -up, including monitoring, to quantify and confirm exposure estimates. Unless exposure levels among groups are quantified, weak and insignificant association between exposures and health endpoints can not be determined to have resulted from exposure misclassification or simply from low exposure levels. ( 6) The variability of the estimated exposures and the expected rate of exposure misclassification should be reported. (7 ) To obtain the statistical power needed to observe causal or dose ± response relationships, efforts should be made to ensure that exposures differ significantly between different groups.
